THE USE of quantitative imaging techniques to study the heart, lungs, and circulation is complicated by the fact that their vital functions are dependent upon and inseparably linked with nearly continuously varying cyclic motions in three dimensions. Even a transient interruption of these motions, such as breath-holding for more than a few seconds, results in rapid alterations in physiological processes which in case of the heart and circulation may result in irreversible changes if cessation of their motion persists for more than a few seconds. The accuracy and range of studies on cardiovascular and pulmonary function, particularly for early detection of abnormalities in these three organ systems in intact man and animals, would be greatly facilitated if their motions throughout individual cycles (i.e., their changes in shape and dimensions and values derived therefrom) could be directly visualized and quickly measured with minimum or preferably no effect on these motions. Achievement of this objective requires development of techniques for quantitative, noninvasive or minimally invasive dynamic and stop-action imaging of these organ systems.
cycles, and of the dynamic distribution pathways and transient concentration changes of diffusible and nondiffusible x-ray contrast media after their injection as a bolus or at a constant rate at various sites in the circulation.
Any type of radiation that can be detected and measured and that is not completely absorbed by and does not affect the function of the biological structure under study can be used to produce images of this structure. For many years x-rays have been used most commonly to produce dynamic images of the heart, lungs, and circulation, although more recently gamma and ultrasound rays have been demonstrated to be the radiation of choice for certain imaging applications.
This discussion of dynamic quantitative imaging of moving organs is concerned primarily with images produced by x-rays. Many of the considerations also pertain more or less directly to images produced by gamma,-positron, ultrasound, or other types of radiation, although photon statistics seriously limit the use of emitted radiation for rapidly sequential imaging.
It has been possible for many years, by cineangiographic or videoangiographic techniques, to obtain excellent dynamic projection images of, for example, the heart and circulation. These two-dimensional images contain a great deal of objective quantitative information from which one can make accurate measurements of the shape and dimension of cardiac silhouettes and the rates of their change. On the basis of assumed cross-sectional shapes, calculations of the volume, circumferential lengths, and wall thicknesses and their rates of change have been made and, when combined with simultaneous, more easily obtainable pressure information and additional assumptions, regional myocardial length and simultaneous tension changes and cardiac work output have also been estimated.
However, accurate and readily obtainable information about the dynamic changes in true shape and dimensions of these organ systems, information which would have great inherent value both in basic investigative and in clinical diagnostic studies of the heart, lungs, and circulation, has not been available because of two major obstacles: (1) the very large amount of information in a single two-dimensional projection image and the large number these images, at least 30/sec, that must be captured and processed to resolve a major portion of the practically important phasic by on April 17, 2008 circres.ahajournals.org Downloaded from 132 CIRCULATION RESEARCH VOL. 38, No. 3, MARCH 1976 events within, for example, an individual cardiac cycle, 1 and (2) conventional roentgenographic images are two-dimensional (projection) images of an object which has three dimensions.
The latter of these two obstacles is the most serious, since unambiguous measurements of the true shape and dimensions and accurate calculations of the volume of a complex object such as the heart cannot be obtained from the conventional mono-or biplane projection images frequently used for this purpose. 2 However, if multiplane projection images are obtained in a sufficiently large number and at a range of angles of view around, for instance, the heart, its shape and dimensions can be calculated accurately from its two-dimensional projections.
3 Figure 1 gives an intuitive impression of how cross-sectional reconstructions can be achieved from multiangular views of the heart. For each successive position of the x-ray source with respect to the heart, the pattern of x-rays, called a roentgen density profile, transmitted through a cross-sectional plane of the heart, contains information concerning the cross-sectional distribution of x-ray densities throughout the heart. These multiplanar roentgen density profiles provide the spatial density information required for computer reconstruction of the geometric distribution of x-ray absorption within this particular cross-sectional level.
This problem of reconstructing a three-dimensional object from its two-dimensional projections (shadow graphs) has arisen in a large number of scientific areas. The basic problem was posed as early as 1917 when a closed form solution assuming ideal mathematical conditions was provided by the Austrian mathematician, Radon.
1 This problem has been considered in relation to strip integration in radioastronomy, 5 in radiology,* and from the point of view of electron microscopy. 7 Many different methods have been proposed in these and other fields.
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Because of its relative insensitivity to noisy projections (a ubiquitous characteristic of biological data) and the comparatively small number of views required, the algebraic reconstruction algorithm, ART, developed by Herman and co-workers' 3 is suitable for cross-sectional reconstruction from multiplanar x-ray or ultrasound projections of biological structures." 15 Other mathematical approaches, such as convolution and Fourier transforms, also are being used to reconstruct cross sections from similar projection data.
8 Figure 2 illustrates diagrammatically the geometric considerations used for algebraic reconstruction of the cross section of a complex structure using the ART III modification of this algorithm which compensates for the divergent ray geometry of a single x-ray source image-intensifier assembly.
13 - 14 The intensity of radiation, I, reaching the detector along any ray path for monochromatic radiation is given by the Lambert-Beer law as I = I 0 ( " 2 L J P J ) in which I o is the incident radiation, L, is the length of a segment of the ray contained in a given pixel, P, in a square array of N 2 pixels, and Pj is the roentgen density of this pixel. Since I and I o can be measured and Lj calculated from the geometry illustrated in Figure 2 , it is possible to solve algebraically for the unknown roentgen density values, Pj, for each pixel in the array, provided that the number of equations based on the multiple intensity values, I, measured along each projection profile and the associated respectively calculated and known L Since the number of pixels with unknown Pj values in a 64 x 64 array is 4,096, the total number of intensity measurements along the multiplanar roentgen density profiles of the object under study and the number of simultaneous equations to be solved should ideally be considerably larger than this number in order to compensate for noise in the measurements and thereby obtain quite accurate values, i.e., roentgen density measurements for each of the 4,096 unknown pixels in the cross section of the object which is to be reconstructed.
The very large number (1 to 2 million) of digital x-ray intensity values required for reasonably accurate representation of a conventional thoracic roentgenogram, or any similarly detailed two-dimensional image, plus the very large number of equations required to reconstruct even a single cross section of the thorax from multiplanar roentgenograms, were major factors preventing earlier practical applications of cross-sectional reconstruction techniques. The recent development of very high speed analog-to-digital conversion and special digital computing techniques 16 (unpublished observations) which have the capability of on-line, real-time cross-sectional reconstructions indicate the degree to which current generation electronic data processing techniques can overcome this barrier.
The first commercial development of a cross-sectional reconstruction system for medical diagnostic purposes was accomplished by the Electrical Musical Instrument Company of Great Britain, whose EMI brain scanner and more recently developed and closely similar devices have revolutionized diagnostic neuroradiology.' 7 "
21 Figure 3 indicates how the data are collected from which amazingly accurate cross sections of the brain are calculated by the EMI and ACTA machines. 17 -23 Note that two types of scanning motion are required to collect these data: a planar line scan and an angular scan. Since both of these scan motions are mechanical in nature, they are time-consuming. If there is significant motion of the object under study during the scanning period of approximately 4-5 minutes which is required by the EMI brain scanner, an accurate cross-sectional reconstruction cannot be obtained.
Consequently, such a mechanical scanning device only can be used for reconstructions of objects, such as the skull and brain, which usually can be held stationary for 5 minutes. For classification purposes fully mechanical scanning devices of this type are designated as first-generation cross-sectional reconstruction systems. Because of their very poor temporal resolution, these devices are unsuitable for imaging moving organ systems such as the heart, lungs, and circulation. Second-generation, so-called whole-body scanning systems, have been developed in an initial step toward achieving sufficient temporal resolution for reconstruction of cross sections of the torso.
The scanning time of these systems has been reduced by replacing the mechanical scanning pencil x-ray beam by a fan or cone-shaped beam encompassing the object under study and by use of electronic scanning to capture the projection images generated by the divergent roentgen beam (Figs. 4 and 5). The multiple angles of view required for the reconstruction process are obtained by mechanical rotation of the single x-ray source-detector system around the structure under study or by rotation of the object within the divergent beam of a stationary x-ray system. If a fan beam system is used, as illustrated in Figure 4 , only one or two juxtaposed cross sections can be reconstructed per scan, and the thickness of each cross section is determined by the width of the detecting surfaces of the linear, single or parallel arrays of transducers. Use of a cone-shaped x-ray beam in conjunction with an electronic planar array scanning system (such as a conventional fluoroscopic image-intensifier television assembly) allows reconstruction of up to approximately 250 adjacent cross sections, each approximately I mm thick, per standard U.S. television field so that true spatial (i.e., three-dimensional) reconstructions can be readily obtained with such a system.
3 -" Since the time required for an electronic linear or two-dimensional planar array scan is very short; e.g., 16% msec per video field, the minimum scanning time required for these so-called second-generation scanning systems is determined by the time required for the 180° (or more) range of mechanical angular scanning necessary to obtain the number and range of multiplanar views consistent with the degree of spatial and density resolution needed in the reconstructed image. phragm usually can be interrupted for periods longer than 20 seconds, these systems have been used successfully for reconstruction of all regions of the torso not subject to significant cardiogenic motions. 20 ' 2* The temporal resolution of these systems is, however, inadequate for studies of cardiovascular and pulmonary dynamics unless the motions, such as those of the heart beat, are kept constant in rate and amplitude and synchronized with the scanning motion so that the scanning can be continued over many heart beats. If exact reproducibility of successive heart beats can be achieved and each beat synchronized with the multiple stepwise scanning motions, then an "average" of the successive heart beats that occurred during the scanning period can be reconstituted. However, successful use of this technique in intact animals or in man requires in addition that the diaphragm and chest wall be held motionless during the scanning period or, alternatively, exact reproducibility of the heart beat, respiration, circulation, the scanning motions, and the phasic relationships between these events of variable frequency be maintained unchanged for the duration of the scanning motions. Production of this type of physiological stationarity of position, shape, and dimensions of the heart and lungs and synchronization with the electronic planar and mechanical angular scanning motions has been achieved for dogs so that collection of the multiplanar videoroentgenographic image data required for dynamic three-dimensional reconstruction of the heart and lungs of intact experimental animals is possible with a second-generation scanning system. 3 ' 14 ' " The heart is positioned in the x-ray field of a horizontally aligned roentgen-fluoroscopic system and rotated about an axis perpendicular to the central ray of the x-ray beam. The fluoroscopic image at each successive angle of view is scanned by a television camera, producing an electronic video signal representation of the image. The video signal voltage is measured by a high speed, analog-to-digital converter at about 500 points along the portion of each horizontal video line which traverses the cardiac silhouette. These measurements are repeated on the same line for approximately 30 views of the heart recorded in equiangular increments during its rotation through 180°, and provide the data required for mathematical determination of its crosssectional shape and dimensions. Similar measurements on all other video lines traversing the heart image provide the data for total three-dimensional reconstruction.
The fidelity and spatial resolution obtainable with the ART III three-dimensional reconstruction program, using digitized multiplanar roentgen-video images obtained by a single cone beam x-ray source image-intensifier video assembly and a high speed video data-digitizing and -processing assembly, have been tested, with a high degree of success, 3 ' " on a variety of inanimate test objects and dead hearts.
The complete television image of a dog or human heart encompasses 80-200 horizontal video lines; consequently, it is possible to reconstruct a cross section of the heart for each of these lines. Since (dependent on the magnification used) the vertical distance between the centers of each successive pair of the 80-200 horizontal video lines in a single video field subtends about 0.5-1 mm of the heart and each set covers its full basal-to-apical extent and the field repetition rate is 60/sec, it is possible to obtain dynamic 60/sec reconstructions of the heart which encompass its full anatomical extent as well as the temporal extent of individual cardiac cycles.
Ideal roentgenographic conditions, using a completely isolated working left ventricle, were set up for the initial attempt to obtain 60/sec three-dimensional reconstructions of the full anatomical extent of a beating ventricle. 27 This working left ventricle preparation was suspended vertically from the aorta at the intersection of the orthogonal x-ray beams of a biplane videometry system and rotated by a computer-controlled motor in increments of 5. angle of 183.6°. The temporal relationships of the successive incremental positions, the computer-controlled cardiac pacing pulses, and the 60/sec video fields were maintained constant throughout the recording period by means of a single oscillator." Figure 6 is a photograph of a television display of cross-sectional reconstructions based on the same video line from each of the 35 multiplanar images of this working ventricle selected at l/is-second intervals during a single cardiac cycle 0.5 second in duration. Such cross sections can be determined for every video line traversing the full anatomical extent of the ventricular image at equispaced 5-to 10-msec instants in time, at a rate of 60/sec throughout the cardiac cycle. This procedure provides dynamic threedimensional measurements of cardiac geometry with a degree of temporal and spatial resolution which has not been obtainable heretofore.
Since the left ventricular pressure is recorded simultaneously on the same video tape, 28 and the simultaneous shape and dimensions of the epicardial and endocardial surfaces of the heart can be calculated for each 60/sec video image, the data required for calculating dynamic regional length to tension relationships covering the full extent and each 60th of a second throughout successive cardiac cycles of a working mammalian left ventricle can be obtained. Work on the development of adequate equations for making such calculations for a thick-walled structure such as the left ventricle is under way, using the finite element technique. 29 A water-immersion respirator assembly has been used to facilitate reconstruction of the working heart and lungs within an intact living dog. 30 This assembly was interposed at the center of the roentgen beam of a rotatable single x-ray source-video dynamic spatial reconstruction assembly (the Mark I SSDSR).
14 This system (1) provides accurately reproducible computer-controlled respiratory cycles throughout the period of rotation as the approximately 30 multiplanar, 60/sec videoroentgen views are recorded, and (2) by enslaving computer control of cardiac pacing and respiratory rate to the vertical retrace blanking pulses of the video system, a constant temporal relationship between the 60/sec video scans, heart beats, and respiratory cycles is achieved. This provides the capability of studying cardiac and pulmonary rate, tidal and residual volumes, and detailed analysis of individual heart beats at any phase of the respiratory cycle.
The water surrounding the dog also provides an ideal hydrostatic pressure environment for support of the dog's vascular system while in the vertical, head-up position. The vertical position is required so that the dog's body position in relation to gravity is constant during the period of rotation, so that shifts in the relative positions of intrathoracic and abdominal organs due to gravitational shifts do not occur. Furthermore, the water provides a constant background for roentgen absorption similar to that of body tissue. The resulting nearly constant transmission characteristics in effect maintain a nearly exponential relationship (Beer's law) between transmitted radiation and attenuation of the incident roentgen beam in spite of its nonmonochromatic nature. 31 This also facilitates calibration of x-ray absorption values and, by reducing the maximum gray scale range in the recorded image, allows attainment of maximal sensitivity for detection and three-dimensional mapping of roentgen density variations within the animal's body.
In addition, because of the constant x-ray path length across the water-filled cylindric respirator, changes in roentgen density at any site over the lung fields is a function of changes in amount of air being transradiated at this site. Consequently, the instant-to-instant spatial distribution of pulmonary ventilation can be measured throughout the respiratory cycle.
Because there are large differences in roentgen density of the air-containing lungs and other body tissues, successful three-dimensional reconstruction of the epicardial surfaces of the heart and the parietal pleural surfaces of the lungs and thorax have been obtained with this system without injections of x-ray contrast media. 22 -32 Because these reconstructed images are stored in computer-accessible digital form, the construction and use of time-delay video and cine recordings of temporal and spatial sequences of reconstructions of the heart and lungs are greatly facilitated. These sequences of cross sections reconstructed over the full anatomical extent of the beating heart and breathing lungs throughout successive cardiac and respiratory cycles, respectively, in isolated preparations and in intact dogs can be viewed in variable time base modes ranging from stop-action to real-time. Such dynamic displays provide the capability for studying the spatial relationships and instant-to-instant changes in geometry of these organs and permits studies of their regional and integrated overall function in the intact thorax that have been impossible heretofore.
The development of high spatial (2,000 samples per video line) and high temporal (60 250-line video fields per second) resolution scanning videodensitometry 33 has made possible measurements of the appearance, mean transit, and clearance of roentgen-opaque substances in three-dimensional space through, for example, the kidneys or the myocardium, with a degree of simultaneous anatomical and temporal resolution not obtainable by current isotope techniques. The anatomical and temporal resolution capabilities possible by this technique are illustrated in Figure 7 , which shows pictures of single video frames recorded on video tape during a clinical diagnostic coronary arteriogram, on the left, compared to the same image after it has been converted to digital form, stored in computer memory, a difference image produced by point-by-point subtraction of temporally equivalent images recorded just prior to injection of the contrast medium, and then reconstituted back into a conventional video image thus displaying only the contrast medium in the coronary arteries and capillaries. Since this provides a high spatial resolution matrix of changes in roentgen density over the entire heart, each point of which can be accurately related to its anatomical position amd measured up to 60 times each second, if desired, studies of the regional circulation and the dynamics of the three-dimensional distribution of the contrast medium (perfusion) over the full extent of the myocardium throughout individual cardiac cycles are possible. Note that this figure was obtained by digital subtraction of two monoplane images of the heart. Consequently, changes in roentgen density produced by contrast media traversing opposite regions of the myocardial walls are superposed so that these changes cannot be accurately related to specific regions of the myocardium.
Extension of the technique for dynamic digital subtraction of conventional two-dimensional roentgen projection images of three-dimensional structures to the heretofore impossible ideal technique, i.e., subtraction of two-dimensional images of two-dimensional structures, can be achieved by use of reconstructed cross sections such as the approximately 1-mm-thick transverse, coronal or sagittal sections of the heart which can be reconstructed from multiplanar roentgen videograms. Thus, the roadblock of superposition of opposing walls of the heart which has largely negated the value of prior subtraction techniques can be eliminated and the true cross-sectional transmural distribution of coronary perfusion from the epicardial to endocardial regions of the myocardium can be studied. In addition, results obtained with current reconstruction systems indicate that it will be possible to obtain three-dimensional displays of the coronary arterial tree down to luminal diameters of 1 mm or less (Fig. 8) . panels, 1-3 However, second-generation spatial reconstruction systems will never be suitable for these applications in man or in unanesthetized animals because of (1) the requirement for physiological stationarity by control of the temporal relationships and amplitudes of the respiratory and cardiac cycles during the period required for mechanical rotary scanning of the subject, and (2) the inability to capture the dynamic data required for three-dimensional reconstruction of the vascular anatomy plus the diagnostic and physiologically important noncyclic indicator-dilution information concerning the dynamic distribution pathways and transient concentration changes of diffusible and nondiffusible x-ray contrast media during and following their injection as a bolus or at a constant rate at various sites in the circulation.
FIGURE 7 Regional distribution of circulatory perfusion within the myocardium by roentgen scanning densitometry and dynamic background subtraction (54-year-old male with right coronary artery occlusion). The right anterior oblique roentgen video images (left panels, 1 -3) coincide with the successive "R" waves of the first through the third cardiac cycles after the onset of the injection of 7 ml of contrast medium into the ostia oj the left main coronary artery. The corresponding computer-generated difference images (right
Therefore, to achieve the tremendous potential clinical, diagnostic, and investigative value of dynamic computerbased cross-sectional and spatial reconstruction techniques, an instrument is required in which the planar linear or two-dimensional scans in each of the multiangular views recorded during the approximately 180° rotary scan can be completed within the approximately 10 msec needed to obtain essentially stop-action images of the beating heart and circulation. Solution of this problem requires develop-
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ment of a third-generation reconstruction system incorporating fully electronic scanning in both the planar and angular modes. A diagram of a prototype system of this type 34 -35 is shown in Figure 9 . This proposed dynamic spatial reconstruction (DSR) system utilizes 28 x-ray sources paired with the same number of videoroentgenographic detectors arranged in respective semicircles in the same plane as the desired cross-sectional reconstruction (i.e., for studies of the heart and lungs, the cephalocaudad axis of the chest would be perpendicular to this plane and be interposed between the opposing semicircular arrays of x-ray sources and detectors).
Total exposure times of 10 msec for each set of 28 multiplanar images at a rate of 60 sets per second recorded throughout individual heart beats will provide reconstructed cross-sectional and three-dimensional images with sufficient temporal resolution for stop-action and real-time display and detailed study of the phasic relationships of most practically important aspects of cardiac and circulatory function. 1 The required 60/sec sets of 28 rapidly sequential x-ray exposures are achieved by sequential activation of the 28 x-ray tubes. By this means, each tube will be activated to produce an x-ray pulse less than 0.34 msec in duration in correct temporal relationship to its neighbors for a total exposure time of 10 msec per 28-plane scan set at a rate of 60 sets per second. Each respective oppositely positioned image-detection system will be pulsed on for detection of the resulting x-ray image, while all other image-detection systems are in the pulsed off mode. This rapidly sequential on-off mode of operation is necessary to prevent scattered x-rays from being picked up by the juxtaposed detector systems and the consequent unacceptable degradation of the sequential roentgen video images.
Because of the large differences between the roentgen densities of the myocardial walls and the juxtaposed lung tissue, it will be possible, without the necessity of contrast medium injection, to reconstruct and display dynamic cross sections of the epicardial surface of the heart, the parietal pleural surfaces, and possibly non-air-containing regions such as tumors in the lung fields at any desired level over their full anatomical extent. Injections of contrast media in conjunction with the roentgen videoscanning procedure will allow dynamic three-dimensional reconstruction of both the epicardial and endocardial surfaces of the heart and more detailed studies of regional myocardial mechanics.
The stop-action (i.e., very short exposure) three-dimensional images obtained by the DSR system will provide high temporal and spatial resolution indicator-dilution information within the cardiac chambers, across the cardiac valves and septal or great vessel defects as well as any region of interest in the macrocirculatory vasculature and, by subtraction techniques, at regional microtissue perfusion levels in the myocardium or any other region of interest in the body. High temporal and three-dimensional spatial resolution circulatory indicator-dilution data of this type have been impossible to obtain in intact animals or in patients heretofore and will significantly increase the scope of the important contributions to circulatory physiology and diagnostic cardiology made during the last two decades by conventional indicator-dilution techniques. 36 ' " The rapid developments in computer-based quantitative imaging during the last several years emphasize that the revolutionary value of cross-sectional and three-dimensional images produced by various types of radiant energy such as x-rays and gamma rays, positrons, electrons, protons, light, and ultrasound for clinical diagnostic and biomedical research applications is just beginning to be realized. Quite certainly many potentially very valuable variants of these techniques used individually or in more powerful synergistic combinations for new clinical diagnostic and biomedical research applications are still untapped. As a further example of the future possibilities of cross-sectional reconstruction techniques: given (1) a monochromatic radiant energy source for which the direction of its output beam were accurately known and whose spectral nature could be varied as desired, and (2) an array of miniature detectors surrounding, for example, the torso, so that the direction and spectral nature of the radiation emanating from the body induced by this incident beam could be accurately measured, it would be theoretically possible to obtain not only an accurate cross-sectional reconstruction of the anatomical structures within the transradiated portions of the torso but also the distribution of a variety of selected chemical elements within the portion of the body under study, i.e., chemical cross-sectional reconstruction.
Even though the state of the art in the current technology of x-ray sources and x-ray detectors does not as yet include tunable monochromatic x-ray sources, suitable isotope sources do exist and minature x-ray detectors with adequate energy-discriminating and signal-to-noise characteristics are being developed. Thus, fabrication of a clinically useful cross-section reconstruction machine with sensing capabilities for both anatomical structural composition and chemical composition may be possible and awaits future development. 41 These exciting possibilities constitute the future horizons for heretofore impossible investigations of the relationships of the dynamic three-dimensional structural geometry to the physical and biochemical functions of both moving and stationary organ systems in intact animals, and new, very powerful clinical diagnostic procedures for studies of patients with cardiovascular, respiratory, and other disabilities.
